Abstract-The effect of
Lipid peroxidation in isolated tissue homogenates, cells and organelles is known to involve both enzymic and non-enzymic catalytic mechanisms.
Fleischer and Rouser (1) reported that biomembranes and sub cellular organelles are major sites of lipid peroxidation damage because mitochondrial and microsomal membranes contain relatively large amounts of polyunsaturated fatty acids in their phospholipids.
The polyunsaturated fatty acids form free radical intermediates during lipid peroxidation.
These free radicals react with proteins and with sulfhydryl and nonsulfhydryl enzymes (2) (3) (4) .
It may be considered that if a reaction such as lipid peroxidation takes place in living cells, it may exert complex effects on cell membranes including alterations in membrane swelling, membrane permeability, enzyme activity, and solute transport. Therefore, to clarify how lipid peroxidation has an effect on the function of membrane transport, we examined the effect of lipid peroxidation induced by ascorbic acid and ferrous ions (5-7) on p-aminohippurate accumulation by rat kidney cortical slices.
MATERIALS AND METHODS
Male Wistar rats fed ad /ibitum, weighing 150-200 g, were used in the present study. After decapitation, both kidneys were im mediately removed, cooled and decapsulated in ice-cold saline. The kidney cortex was cut into slices (about 0.5 mm in thickness) with a razor blade on an ice-cold petri dish.
Estimation of lipid peroxides. Rat kidney cortical slices (120 mg/1 0 ml medium) were incubated in 0.15 M KCI-0.02 M Tris-HCI buffer (pH 7.4) at 37°C for 10 min. Ascorbic acid and FeSO4 were added to the medium at the indicated concentrations.
At the end of the incubation period, the slices were quickly removed from the medium, blotted lightly on filter paper, reweighed and homogenized in 5 ml of the Tris-HCI buffer. Five ml aliquots were mixed with 1.25 ml of 40% trichloroacetic acid and assayed for malondialdehyde by the thiobarbituric acid method (8) . Malondialdehyde was expressed as the thiobarbituric acid values (absorbance at 532 nm/g tissue).
Determination of p-aminohippurate ac cumulation.
Slices (about 200 mg/10 ml medium) were incubated in conical flasks containing Cross & Taggart buffer (9) of the following composition: 86 mM sodium chloride, 40 mM potassium chloride, 7 mM sodium phosphate buffer (pH 7.3), 11 mM sodium acetate, 0.7 mM calcium chloride, 0.074 mM sodium p-aminohippurate.
The incubation medium also contained 1 g/100 ml inulin to allow estimation of inulin space. Incubations were carried out at 25°C under a gas phase of 95%02+5% C02 for 60 min and 120 min (final pH 7.0). At the end of the incubation period, the slices were quickly removed from the medium, blotted lightly on filter paper, weighed, and homogenized in 2.5 ml of 10% trichloroacetic acid. Three tenths of incubation medium was treated similarly. After centrifugation the supernatant was assayed for the concen trations of p-aminohippurate and inulin. The concentrations of p-aminohippurate and inulin in the medium and tissue homogenate were determined by the methods of Bratton and Marshall (10), and Roe et al. (11), respectively.
The remaining slices were weighed before and after 24 hr of dehydration at 100°C to determine total tissue water. The accumulation of p-aminohippurate was, in most cases, expressed as the slice/medium (S/M) ratio (concentration of p-amino hippurate/g of tissue divided by the concen tration of p-aminohippurate/ml of medium).
In some experiments, the value of the S/M ratio was converted to the ICF/M ratio (ICF; concentration of p-aminohippurate/ml of intracellular fluid). Inulin space, calculated from tissue inulin content and inulin concen tration of the medium, was used as an estimate of tissue extracellular water (ECW). Intra cellular water (ICW) was calculated by subtracting ECW from total tissue water.
Effect of ascorbic acid and Fe2+ on the accumulation of p-aminohippurate. Slices were incubated for 60 min and 120 min at 25°C in Cross & Taggart buffer in the absence and presence of ascorbic acid and Fe2+.
Determination of p-aminohippurate uptake: kinetic studies. Uptake of p-amino hippurate was determined in rat renal cortical slices (about 200 mg). The concentrations of p-aminohippurate in the medium were 1.0, 2.0 and 4.0x`10-4 M. Incubations were performed in conical flasks at 25'C under 95% 02+5% C02 for 30 min. The rate of transport was expressed as mmoles p aminohippurate/kg cell water for 30 min of incubation.
Statistics: The values were represented as the means±S.E.
Statistical significance was determined by the Student's t-test.
RESULTS
The values of thiobarbituric acid of rat renal cortical slices increased about 2-fold as compared with the control when ascorbic acid (0.1 mM) and Fe2+ (0.04 mM) were added to the incubation medium (Fig. 1 ). The effects of ascorbic acid and Fe2+ appeared to be concentration dependent. Increasing the concentration from 0.1 to 10 mM (ascorbic acid) and from 0.04 to 4 mM (Fe2+) produced a progessive increase in the values of thiobarbituric acid of the slices (from 1.0±0.02 to 6.5±0.05).
For further investigation on the mechanism of lipid peroxidation catalyzed by ascorbic acid and Fe2+, the effects of ascorbic acid and Fe2+ were separately studied. Ascorbic acid alone (1, 10 mM) showed little or no effect on the lipid peroxidation. On the other hand, Fe2+ (0.4, 4 mM) was able to promote lipid peroxidation, but these effects were variable (data not shown). In the following experi ments, the concentration of 1 mM ascorbic acid and 0.4 mM FeSO4 were selected as optimal for lipid peroxidation of rat renal cortical slices.
To clarify how lipid peroxidation has an effect on the function of membrane transport, p-Aminohippurate accumulation by rat renal cortical slices was decreased in the presence of 1 mM ascorbic acid and 0.4 mM Fe2+ (Fig. 2) . After 60 min and 120 min of incubation, ascorbic acid and Fe2+ depressed p-aminohippurate S/M ratio by 66% and 70%, respectively, compared with the control. Lipid peroxidation was markedly stimulated by ascorbic acid and Fe2+, and this reached maximum in about 10 min. Table 1 shows the effect of ascorbic acid and Fe2+ on tissue water. Total tissue water was significantly increased when rat kidney slices were incubated in a medium containing ascorbic acid and Fe2+. The increase in tissue water was related to changes in ICW and ECW which were increased significantly by ascorbic acid and Fe2+_
It is generally accepted that the antioxidant N,N'-diphenyl-p-phenylenediamine (DPPD) is a potent inhibitor of lipid peroxidation (12) . Therefore, the effect of DPPD on the decrease in the accumulation of p-aminohippurate by ascorbic acid and Fe2+ was studied ( Table 2 ). The addition of 1 X10-6 M DPPD to the reaction mixture resulted in a complete inhibition of the malondialdehyde formation (thiobarbituric acid value, from 3.23±0.06 to 0.79±0.05) by ascorbic acid and Fe2+ p-Aminohippurate S/M ratio in rat kidney slices was slightly recovered, however, ICF/M ratio was not returned to normal by the addition of DPPD.
Since p-aminohippurate uptake by renal cortical cells is a saturable process exhibiting Michaelis-Menten kinetics (13), we decided to investigate the effects of ascorbic acid and Fe 21 on p-aminohippurate uptake by kinetic analysis. The linear increase observed up to 30 min in the present preparations suggests that the efflux from the cells is negligible at least up to 30 min (Fig. 2) . Thus, p-amino hippurate uptake during the initial 30 min could be regarded as an initial influx.
Therefore, a 30 min incubation period was chosen for the determination of the rate of p-aminohippurate uptake. Fe2+ did not alter the maximal rate of trans port, but rather, affected the apparent affinity of this transport mechanism for p-amino hippurate.
The effects of ascorbic acid and Fe2+ were to increase the apparent Km of transport approximately 2-fold (from 0.29 to 0.59 mM).
The kinetic constants were calculated from the plot of Fig. 3 .
DISCUSSION
When biomembranes such as microsomes or mitochondria undergo lipid peroxidation, polyunsaturated fatty acids in membrane phospholipids are degraded, resulting in the formation of malondialdehyde, the des truction of membrane structure and the release or breakdown of membrane-bound enzymes (2, 14-17).
Hruszkewycz et al. (18) have shown that altered membrane lipids from peroxidized microsomes are capable of inhibiting cyto chrome P-450 and glucose-6-phosphatase; Willis and Recknagel (19) have reported on the isolation of these altered lipids with reference to hemolytic activity. Although these results have documented the toxic nature of peroxidative metabolites, the effect of lipid peroxidation on the function of membrane transport has not been ascertained.
The present study showed ascorbic acid and Fe2+ promoted lipid peroxidation of rat renal cortical slices to be dose related (Fig.  1) . Ascorbic acid (1 mM) and Fe2+ (0.04 mM) significantly depressed the accumu lation of p-aminohippurate by rat kidney slices (Fig. 2) . In addition to decreasing p aminohippurate accumulation, ascorbic acid and Fe2+ caused changes in cell water (Table 1 ). This suggests that the peroxidation impaired renal tubular cells and altered the permeability of cell membranes. According to the model described by Tune et al. (20) , the accumulation of p-amino hippurate by kidney slices is mediated by an active transport process localized at the peritubular cell membrane.
Net accumulation of p-aminohippurate by slices reflects the rate of active transport from medium to cell as well as passive efflux from cell to medium. Therefore, the decrease of p-aminohippurate accumulation observed in our experiments might be due to : 1) a decrease in the active transport of p-aminohippurate,
2) an increase in the passive efflux of p-aminohippurate secondary to increased permeability of the peritubular membrane or 3) a combination of the two.
As shown in Table 2 , 1 x 10-13 M DPPD inhibited the formation of malondialdehyde by ascorbic acid and Fe2+. On the other hand, the p-aminohippurate S/M ratio was recovered by about 43%; but the ICF/M ratio was not returned by the addition of DPPD. These results suggest that DPPD is able to inhibit lipid peroxidation of rat renal cortical slices at some step, thereby preventing the alteration of membrane permeability to some extent; however, free radicals produced by ascorbic acid and Fe 2+ during lipid peroxidation may impair the active transport system of p-aminohippurate irreversibly. To elucidate how ascorbic acid and Fe2+ have an effect on the active transport of p aminohippurate, we examined the effect on p-aminohippurate uptake kinetically. Fourcans and Jain have reported that the specific role of lipid in transport and catalytic activity is generally linked to the stabilization of active protein conformation (21) . Lipids also seem to modify the cooperative behavior of multicomponent complexes. These aspects of lipid-protein interaction are best reflected in a modification of the kinetic properties of various catalytic proteins. Generally, delipidation leads to an increase in Km and a decrease in Vmax.
The kinetic data in Fig. 3 indicate that the change produced by ascorbic acid and Fe2+ is an increased Km with the apparent Vmax remaining constant.
It is possible that the lipid peroxidation by ascorbic acid and Fe2+ causes reduction of polyunsaturated fatty acids in phospholipids and affects the carrier affinity of this transport mechanism for p-aminohippurate. A wide variety of organic acids are actively transported by the proximal tubule and inhibited the tubular transport of p-aminohippurate competitively (13) .
Since ascorbic acid is an organic anion, it may be considered that ascorbic acid could depress p-aminohippurate uptake by competing for common organic anion transport sites. The nature of this inhibition is not clear and no data are available to clarify this point, and further experiments are necessary to demonstrate the mechanism.
Furhermore, p-aminohippurate uptake by renal proximal tubular cells is dependent on oxidative metabolism (22) .
On the other hand, lipid peroxidation in membranes and subcellular organelles causes an inhibitory effect on the coupling of phosphorylation with oxidation in rat liver mitochondria (2) . Therefore, the effects of ascorbic acid and Fe2+ on intracellular p-aminohippurate content of rat kidney cortex slices might be a consequence of depressed cellular respiration. From the present observations, it seems likely that alteration in the accumulation of p-aminohippurate reflects the combined influence of increased membrane permeability and decreased active transport.
From the results of the present work, it may be suggested that lipid peroxidation induces an appropriate functional or structural impairment of the membrane, which in turn affects the membrane transport.
